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Abstract
Signal transduction pathways describe how cells respond to extracellular signals which are received by
receptors at the cell membrane and usually transferred into the nucleus. In this paper we present our
approach to model these signal transduction pathways as concurrent reactive systems by means of Life
Sequence Charts and to simulate them using the Play-Engine tool. This aspect is part of a bigger approach,
where we provide an extendable system to generate models of signal transduction pathways in diﬀerent
modeling languages and to simulate these models with the corresponding simulation tools.
Keywords: Concurrent Reactive System, Signal Transduction Pathway, Life Sequence Chart,
Play-Engine, Colored Petri Net
1 Introduction
Signal transduction pathways describe how signals received by receptors at the cell
membrane are processed inside the cell via biochemical reactions. Usually, the
signal is transferred into the nucleus, where it causes a change in the currently
active genetic program of the cell. Understanding this ﬂow of information inside a
cell is fundamental for an in-depth understanding of the functioning of a cell as a
whole. Modeling and simulating this information ﬂow is beneﬁcial, because it helps
to understand the ﬂow of signals in a complex network, to test hypotheses in silico
before validating them with experiments and to validate the data collected about a
certain pathway.
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The fact that a ﬂow of information in a complex network is to be described
has led to the idea of applying languages for the description of concurrent reactive
systems in this area, even if these were originally developed to assist the construction
or engineering of systems and not the description of already existing systems [19,11].
A couple of speciﬁcation languages, e.g. Petri Nets, Live Sequence Charts etc.
qualify for this task, all bringing diﬀerent advantages and disadvantages with them.
In the same way the corresponding simulation tools have diﬀerent strengths and
shortcomings.
In systems biology several modeling and simulation approaches are being ap-
plied [23]. Most of them can be classiﬁed according to the following three dimen-
sions [38]: discrete and continuous, qualitative and quantitative as well as determin-
istic and stochastic. When examining biological pathways, the considered events
are discrete but the other two dimensions are not determined. Especially vari-
ous kinds of Petri Nets have been applied in this area [10,30], ranging from Colored
Petri Nets describing metabolic pathways qualitatively [14] to Stochastic Petri Nets,
which allow a quantitative modeling, and Hybrid Functional Petri Nets quantita-
tively representing metabolic pathways [27]. In [34] an approach called Pathway
Logic is presented, where rewriting logic is used to model signal transduction. The
π-calculus is being to model signal transduction pathways and gene regulatory net-
works [33,32]. Live Sequence Charts are being applied to model a certain part in
the development of the worm C.elegans [20] and UML-Statecharts to model the
activation of T-cells [5,6] and the signaling pathway of Arabidopsis thaliana [36].
Considering the diﬀerent approaches discussed above, it would certainly be bene-
ﬁcial to develop diﬀerent models for one signal transduction pathway using diﬀerent
speciﬁcation languages and to be thereby able to apply diﬀerent simulation tools.
However, this is only possible if the models do not have to be developed manually
but can be generated out of a source for pathway data.
There exist a number of pathway databases compiling the current knowledge
about biological pathways. Thus, we developed an extendable system to generate
diﬀerent models, expressed with diﬀerent modeling languages, out of the data stored
in pathway databases in order to simulate these models with the corresponding
simulation tools. What most of the approaches discussed above have in common is,
that the models are constructed manually and not generated out of a database, and
in those approaches, where the models are derived out of one or more databases (e.g.
[27]), only one kind of models is generated. This is in contrast to our approach,
where we oﬀer the possibility to generate diﬀerent representations for a certain
pathway. At the moment we operate on one of the major pathway databases,
TRANSPATHR© [24], and use Live Sequence Charts [2] and Colored Petri Nets [16]
as speciﬁcation languages. The belonging simulation tools are Play-Engine [12] and
CPN Tools [17], respectively. The application of UML-Statecharts [29] together
with the Rhapsody tool [37] is in preparation.
In this paper we are going to focus Live Sequence Charts and the Play-Engine
tool for speciﬁcation and simulation of signal transduction pathways. Whereas our
general architecture and the CPN modeling aspects are introduced only very brieﬂy
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and are explained in more detail in [4]. We will discuss what distinguishes LSCs and
the Play-Engine tool from other languages and tools and why we chose them for
our pathway modeling approach. Furthermore, we will explain how we connected
the Play-Engine tool to a pathway database and what kind of tools we developed
for this purpose. Furthermore, we present some ﬁrst simulation results.
The paper is organized as follows: In section 2 we present some basic informa-
tion on signal transduction pathways and discuss a pathway exemplar. Than we
introduce our modeling and simulation approach for signal transduction pathways,
thereby concentrating on LSCs and the Play-Engine. In the fourth section we give
technical details of our approach and discuss the tools we developed in this context.
In section ﬁve we present ﬁrst simulation results. Finally, we draw some conclusions
and an give outlook on our future work.
2 Signal Transduction Pathways
In organisms proteins have a wide variety of functions and they interact with each
other in likewise multifaceted ways. These interactions of proteins are being de-
scribed by means of pathways or networks, which are typically represented as certain
kinds of maps. A distinction is drawn between metabolic and regulatory pathways,
whereas metabolic pathways describe the conversion of classes of substances into
other classes of substances, regulatory pathways describe how the function of some-
thing is regulated. Here, not the conversion of classes of substances into other
classes but the transduction of signals is signiﬁcant (cf. Fig. 1). This is the reason
why they are also called signal transduction pathways.
Fig. 1. Signal Transduction (cf. [1])
Expressed diﬀerently: a signal transduction pathway describes how a cell re-
sponses to an extracellular signal, e.g. a signaling molecule excreted by a bacterium.
The signaling molecule is received by a receptor protein and then transferred via
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biochemical reactions into the nucleus, where it changes the currently active pro-
gram. Signal transduction pathways comprise diﬀerent kinds of molecules: proteins
and enzymes with diﬀerent kinds of functions interact with the help of cofactors,
second messengers, phosphatases and small eﬀectors to transmit the signal. The
mechanism of transmitting the signal is mediated through state changes of molecules
like conformity changes and the building of molecule complexes on the basis of bio-
chemical reactions. This molecule interactions cause the signalﬂow through the cell
and the ampliﬁcation of the signal in order to reach the nucleus.
Figure 2 shows an example of a signal transduction pathway where the gray
area marks the inside of a cell and the light-colored area stands for the outside.
The nucleus is represented as a gray ellipse. In this map molecules are represented
with diﬀerent shapes and colors, which encode the role a certain molecule plays
in the pathway. Examples for such roles are extracellular signals, represented as
stars, receptors, represented as rectangles across the cell membrane, and adapter
proteins, represented as blue ellipses. Interactions of the molecules appear as lines
and arrows, whereas their diﬀerent shapes stand for diﬀerent kinds of interactions,
e.g. direct or indirect activation or inhibition. Molecules also interact by building
molecule complexes, which are represented by narrow cumulations of molecules.
Fig. 2. TLR4 signal transduction pathway in the TRANSPATH R© database [24]
Such pathways are being composed by experts, who study the relevant literature
and accumulate small pieces to a big picture. This is because there are various
groups worldwide researching in very small parts of signal transduction pathways
in diﬀerent kinds of organisms, e.g. research about short sequences of chemical
reactions. These pieces are then composed bottom-up to a signal transduction
pathway by other groups, who collect these information into databases and provide
an integrated view on the whole pathway.
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Examples for such signal transduction pathway databases are TRANSPATH R©
[24], KEGG [21], Reactome [18] and BioCyc [22]. They usually provide a web
interface for interactive searches and also make their data available as text ﬁles
in ﬂat ﬁle or XML format. Some of the databases already use a more or less
standardized exchange format on XML basis, e.g. SBML (Systems Biology Markup
Language, [15]).
The database we chose to start with was TRANSPATH R©, which provides the
accession methods described above but uses its own XML format. In January 2007
TRANSPATH R© contained entries about 60,000 molecules, 100,000 chemical reac-
tions, 20,000 genes and 57 pathways. The information was based on 30,000 publica-
tions. The web interface provides access to all these entries and in addition contains
interactive maps, which give an overview over a certain pathway (cf. Fig. 2). The
XML version of the database is divided into 6 ﬁles containing data about molecules,
genes, reactions, pathways, annotations and references, respectively. They are ac-
companied by a DTD describing the structure of the ﬁles.
In order to give a better understanding of what signal transduction pathways
are about, we discuss the TLR4 pathway as an example:
Sepsis is the systemic immune response to a severe bacterial infection [26]. We
are born with a functioning innate immunity system which recognizes bacterial and
viral products. In sepsis, when a bacterium attacks an endothelial cell, diﬀerent
kinds of mechanisms are activated. Receptors of the innate immune system are ac-
tivated by microbial components such as LPS (endotoxin, lipopolysaccaride), which
is a signaling molecule involved in the initiation of the sepsis syndrom. Receptors,
which recognize such LPS molecules, are a family of transmembran receptors known
as Toll-like receptors (TLRs). To date, there are 12 TLRs identiﬁed in mice and 10
TLRs identiﬁed in humans. TLR4 is one of them and is identiﬁed as a signifcant
receptor in mice strain experiments. TLR4 is also annotated in TRANSPATHR©
and is our example for signal transduction pathway explanations (see Fig. 2).
The TLR4 signal transduction pathway is subdivided into the MyD88-dependent
and MyD88-independent pathway and consist of four chains. The whole pathway
is speciﬁed in [3]. In order to give an overview over the general ﬂow of information,
it is suﬃcient to explain one part in detail.
One chain of the MyD88-dependent pathway in endothelial cells starts with
the LPS binding to the TLR4 receptor complex consisting of CD14 and MD2. This
molecule complex is leading to the recruitment of the adaptor molecules MyD88 and
TIRAP. Following, IRAK and IRAK-4 are recruited to the receptor complex via in-
teraction of special parts of their spatial arrangements. IRAK recruits and activates
TRAF6 which is one part of a molecule complex consists of ECSIT and MEKK1.
This recruitment also leads to the activation of IKKα and IKKβ which are molecules
of a complex with two IKKγ molecules. The activation of the IKK-complex leads
to the degradation of Iκb. This inhibition of Iκb facilitates the translocation of
NF-κB in the nucleus. NF-κB is a transcription factor which connects with its spe-
cial promoter region. This results in the expression of proinﬂammatory molecules.
Furthermore, normal physiological functions of the endothelial cells are severely
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damaged. This bacterial sepsis and its associated expression of proinﬂammatory
molecules causes death with the utmost probability.
3 Modeling Signal Transduction Pathways with Live
Sequence Charts
Signal transduction pathways as presented in the previous section sum up the cur-
rent knowledge about the ﬂow of information inside a cell that is provoked by an
extracellular signal. Languages developed for the engineering of concurrent reactive
systems are notably suitable to describe this ﬂow of information. Live Sequence
Charts (LSCs) is a scenario-based visual formalism to capture the behavioral re-
quirements of a system. Together with the supporting tool this language oﬀers
the possibility to exploit and analyze the available information in an intuitive way.
The language is powerful although due to its graphical representation it is easy to
comprehend, at least in its basic structure. This even holds for non-experts.
Thus, this approach is particularly appropriate for biologists, who want to gain
ﬁrst experiences with modeling and simulation of biological systems. Other ap-
proaches like e.g. Petri Nets require a much longer training period, even though
they also have graphical representations. Even more sophisticated are formalisms,
which only have a textual representation, as e.g. π-calculus [31]. Various kinds of
Petri Nets as well as the π-calculus, have proven suitable for modeling biologial
pathways.
Besides, LSCs are particular suitable for modeling the cascade-like events in
signal transduction pathways as we will see in section 3.2 after introducing LSCs
and the Play-Engine.
3.1 Live Sequence Charts and the Play-Engine Tool
The Live Sequence Charts formalism [2] was developed as an extension of Message
Sequence Charts, also known as UML sequence diagrams. In all of these languages
objects are represented as rectangles with the object name inside and a vertical
line beneath, also called live line. On these live lines sequences of events and mes-
sage passing activities occur and the messages betwen the objects are depicted as
horizontal arrows from the sending to the receiving object.
In LSCs a distinction is made between universal and existential charts, whereas
the former describes behavior that may happen, the latter describe behavior that
must happen. Universal charts contain precharts, which describe the condition
under which the behavior described in the main chart has to occur. Furthermore,
forbidden behavior can also be expressed.
In [12,13] a tool and a methodology to exploit and analyze the available infor-
mation are introduced, the Play-Engine and the play-in/play-out approach, respec-
tively. In order to apply the tool and the development process, the reactive system
to be described must be represented via a graphical user interface which the de-
veloper has to construct or at least to prototype at ﬁrst. This interface is used in
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the play-in part of the process to specify desired, obligatory or forbidden scenarios
as well as the desired reactions of the system and the conditions under which cer-
tain things may happen. The Play-Engine constructs Live Sequence Charts out of
these scenarios. In our approach we will not play-in the behavior of the pathways
but generate the corresponding LSCs out of the pathway data available e.g. in the
TRANSPATH R© database. However, when modifying the pathways in order to do
in-silico experiments, we are use the play-in mode.
During play-out the user can access the GUI in the way he would access the
system itself and the behavior speciﬁed during play-in is executed. Simultaneously,
the Play-Engine uses the GUI to reﬂect the system states. In our context the
play-out mode is interesting in two ways: Firstly, simulating the pathways as they
are stored in the TRANSPATHR© database - i.e. simulating the generated LSCs
- helps the user understand the information ﬂow of the pathway and furthermore
makes it possible to ﬁnd inconsistencies in the TRANSPATHR© data (see Sec. 5).
Secondly, modifying a pathway during play-in and analyzing the modiﬁed behavior
during play-out oﬀers the possibility to do some experiments in-silico and to decide,
depending on the results, which of them shall be undertaken in-vitro, i.e. in the lab.
Live Sequence Charts, the Play-Engine and the play-in/play-out approach have
already been applied to model a biological system: In [20] the process of cell fate
aquisition during C. elegans vulva development was modeled and simulated.
3.2 Mapping Signal Transduction Pathways to LSCs
As described above, in the Play-Engine every system that is developed is represented
by a Graphical User Interface. Our idea here is to use the pathway maps provided by
TRANSPATH R© (cf. Fig. 2) as GUIs. Consequently, we will be able to animate these
maps according to the simulation of the pathway. This means that the biologists
will be able to use a simulation tool, which displays the simulation run in their own
graphical language. In Fig. 3 you can see a fragment of the TLR4 pathway in LSC
representation together with its corresponding map functioning as a GUI. Below we
are going to explain how we map the components of signal transduction pathways
to LSC concepts.
In Fig. 4 a class diagram is shown, which represents pathways, as they are stored
in TRANSPATH R©, in an abstract way. Each pathway consists of a number of chains
of reactions, which are concurrent to each other. Molecules participate in reactions
as reactants (or educts), enzymes, inhibitors and products. One can also say that
the presence of the reactants of a chemical reaction activates the product. Some
reactions can only take place if a certain enzyme is available, and others can not
take place, if a certain inhibitor is available. Molecules can be members of molecule
complexes which are treated as molecules themselves. Molecules can also be in
diﬀerent states, e.g. ubiquitinated or not. In TRANSPATHR© these diﬀerent states
are represented with two entries in class molecule and a reference (state of) between
the two instances.
When mapping a pathway into LSCs the pathway chains are natural points for
decomposition into several charts, one for each chain. The molecules are the objects
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Fig. 3. Fragment of the TLR4 pathway in LSC representation.
Fig. 4. Representation of pathways as a class diagram.
our system consists of and their reactions are captured through messages and events.
Figure 3 demonstrates that LSCs are particularly suitable to model the cascade-
like events in signal transduction pathways. It shows the beginning of a chain of
the TLR4 pathway, where the signaling molecule LPS binds with aid of LBP to
the receptor complex of TLR4 consisting of CD14 and MD2. Afterwards the TLR4
molecule is activated and in turn activates TIRAP and MyD88 et cetera.
To discuss the mapping in a more detailed way, we will examplarily look at a
reaction between two molecules, which is inhibited, if a third molecule is present (cf.
Fig. 5): If the presence of a molecule causes the activation of another molecule, a
message is sent from the activating to the activated molecule and then an activation
event happens in the receiver molecule. In the example in Fig. 5 Iκb activates NF-
κB. This reaction can only occur, if the inhibitor IKKβ is not present. In the
corresponding LSC this is reﬂected by IKKβ not being active. The inhibition is
implemented through a forbidden element – IKKβ.active = Yes in our example – of
this universal chart, which prevents the chart from being executed if the condition
is true.
3.3 Alternative Approach: Modeling Signal Transduction Pathways as CPNs
In this section we give a brief overview over our representation of signal transduc-
tion pathways with Colored Petri Nets (CPNs). More details can be found in[4]. In
contrast to regular Petri Nets [9] in Colored Petri Nets the tokens are distinguish-
able [16]. Each token has a certain value belonging to a certain data type. The
values of the tokens are called colors and the data types color sets. Each place must
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Fig. 5. Mapping a reaction with inhibition to LSC concepts.
carry the information, which kind of tokens it accepts, i. e. tokens of which color
(data type).
In our approach, the tokens represent molecules and molecule complexes. Each
place can therefore carry certain molecules or molecule complexes. Transitions
represent chemical reactions. The incoming and outgoing arcs of a transition specify
together with their weights, how many molecules of which kind function as educts,
enzymes, inhibitors or products, respectively. Figure 6 contains a subnet of the
Petri Net representation of the TLR4 pathway, which was shown in Fig. 2.
Fig. 6. Subnet of the TLR4 CPN.
To gain some experiences in how to model a signal transduction pathway with
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Fig. 7. Architecture and main workﬂow
Colored Petri Nets we began with a manual transformation [35,8] and out of that
we derived the assignment of concepts from signal transduction pathways to CPN
concepts. That transformation was based on numerous discussions with biologists,
among them one member of the TRANSPATH R© team.
4 Simulating Signal Transduction Pathways with the
Play-Engine
After having introduced our approach from a conceptual point of view in the pre-
vious section, we are now going to present the tools developed in this context and
to discuss some more technical aspects.
4.1 Architecture and Workﬂow
The main architecture of our system “Pathway Modeler” is presented in Fig. 7. We
will explain it by discussing the main workﬂow.
Initially, the user has to select the pathway he wants to simulate. The system
checks whether it is already available in the Instance Repository (1). If not, it
collects all data belonging to the pathway out of the TRANSPATHR© XML ﬁles and
creates a pathway instance (1.1 - 1.3). Afterwards, the user selects the simulation
tool he wants to generate a pathway model for (2). Presently, CPN Tools and the
Play-Engine are available. Depending on the choice, a Petri Net representation
or a Live Sequence Chart representation of the selected pathway are constructed
(3a/3b). The system is prepared for further simulation tools to be integrated (3c).
After the transformation is done, some postprocessing steps follow. Finally, an
input ﬁle for the selected simulation tool is the result of the transformation process.
As we are concentrating on the LSC aspects in this paper we are now zooming
down into this part of the system. Figure 8 represents the tools used and developed
in this context as well as their connection through import and export relationships.
On the left hand side of the ﬁgure there is the TRANSPATHR© database which is
our source for pathway data. Besides the actual pathway data represented in XML
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Fig. 8. Pathway-Editor and LSC Transformation module
ﬁles it contains pathway maps in GIF format (cf. Sec. 2). On the right hand side
there is the Play-Engine tool, which needs a GUI for the system being described,
capturing the systems behavior in LSCs and storing these LSCs in XML ﬁles. The
database and the simulation tool are connected via two tools or modules: the LSC
Transformation module and the Pathway-Editor.
4.2 LSC Transformation Module
As input the LSC Transformation module gets a pathway instance corresponding to
the class diagram in Fig. 4. It constructs out of the pathway instances LSC instances
represented in the XML format the Play-Engine uses to store its LSCs in. In order
to enable this, we analyzed various LSCs as they were stored by the Play-Engine
and generated out of this data a DTD describing the LSC storage format of the
Play-Engine. Thus, we are now able to generate our own LSCs independently from
the play-in process, store them in the place in the ﬁle tree where the Play-Engine
stores its LSCs and to simulate them using the Play-Engine.
The construction of the LSC is done according to the mapping described in the
previous section.
4.3 Pathway-Editor
The Pathway-Editor [36] assists the user in a number of ways to build GUIs for
the Play-Engine. Export in other ﬁle formats is also supported. There are three
main tasks the Pathway-Editor has to fulﬁll: (1) Construction of pathway maps as
GUIs for the Play-Engine. (2) Export of these maps in GIF format for use in the
TRANSPATHR© database. (3) Automatic generation of such a pathway GUI out of
the pathway data stored in TRANSPATHR©.
For the ﬁrst task the Pathway-Editor provides menus and tool bars, which con-
tain all functionalities to draw signal transduction pathways and to attach further
information to the elements and components of the pathways. When creating the
library for the graphical elements provided by the Pathway-Editor we stayed as
close as possible to the TRANSPATH R© legend for the graphical elements used in
the pathway maps. In Figure 9 a screenshot of the Pathway-Editor is shown. By
positioning the mouse over an object of interest the attached information is shown
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in the menu on the right hand side.
Fig. 9. Pathway-Editor diplaying a generated pathway map.
The second task was easy to implement as only the graphical part (the pathway
map) had to be exported in GIF ﬁle format. So far, the database annotators of
Biobase have used a standard graphic tool to create the pathway maps without a
library assisting their task. When using the Pathway-Editor they have all graphical
elements a pathway map consists of readily available and the creation of maps will
thus be much more comfortable.
The third task is based on the following idea: When generating LSCs auto-
matically out of the pathway data, we also need the accompanying GUI to be
automatically generated. The ﬁrst idea of importing the pathway maps from the
TRANSPATH R© database was abandoned because of technical diﬃculties regarding
the recognition of the arrows representing the reactions between molecules. We
thus decided to generate the maps directly out of the pathway data. This implies,
that the elements of the map have to be positioned automatically, for which we are
use a placing algorithm out of the Graphviz package [7]. TRANSPATH R© provides
data about molecules and their biochemical reactions but no information about
compartments of the cell like nucleus, cell membrane and mitochondria. Hence, our
algorithm can not draw them automatically, but we provide the according graphical
elements in order to enable the user to complete the maps. Afterwards, the posi-
tioning can of course be further enhanced manually. According to points (1) and
(2) these generated maps can be exported as GUIs for the Play-Engine as well as
GIF ﬁles for the TRANSPATHR© database.
A beneﬁt of this procedure is, ability to generate pathway maps which reﬂect the
current level of knowledge about the pathway at hand, whereas the maps contained
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in the TRANSPATHR© are adjusted to the current level of knowledge only once in
a while.
5 Results
There are two kinds of results we are going to report on in this section: Firstly,
we are going to discuss our experiences with using LSCs and the Play-Engine for
modeling and simulating signal transduction pathways. Secondly, we are going to
present ﬁrst simulation results.
Live Sequence Charts is a formalism that was developed to describe concurrent
reactive systems, a ﬁeld of application, which perfectly suits signal transduction
pathways. The graphical formalism, though powerful, is in its basic form easy to
learn and understand, even for non-experts.
The fact, that the Play-Engine needs a GUI representing the system to be de-
scribed, has led to the eﬀect, that we can provide an access for the biologists to this
simulation tool, which uses their own language: the graphical pathway maps. The
Play-Engine thus enables us to animate these maps and led the biologists watch
their pathways being ”executed”. Hence, the system reﬂects the way biologists rep-
resent pathways. It is intuitive for anyone who works with TRANSPATHR© signal
transduction pathways. The Pathway-Editor developed in this context enables us to
generate pathway maps which reﬂect the current level of knowledge about pathway
at hand directly out of the data stored in the TRANSPATHR© database.
The play-out process of the Play-Engine can be used for checking the generated
LSCs for inconsistencies or logical conﬂicts, which would give rise to the assumption,
that there are inconsistencies in the data source. There also exists a smart play-out
process, which oﬀers the possibility to use veriﬁcation tools to analyze the LSCs.
In this context questions like ”Is it possible, that ...” can be asked and answered.
When simulating a number of pathways, we already revealed some inconsisten-
cies in the source data. They are summarized in Table 1.
Pathway Name Missing
Molecule Ref.
Evid.
Chain
no Stateof others
CH000000711 TGFbeta-Pathway 16 - - -
CH000000741 Epo-Pathway 7 3 1 -
CH000000746 IL-1-Pathway 3 - 1 3
CH000000749 RhoA-Pathway 5 - - -
CH000000755 TLR4-Pathway 4 - 1 3
CH000000759 EDAR-Pathway - 2 - -
CH000000768 APP-Pathway - - - -
CH000000773 TPO-Pathway - - 1 -
Total 35 5 4 6
Table 1
Evaluation of Pathways
The columns ”Pathway” and ”Name” contain the accession number (the key) of
the pathway and its name in the TRANSPATHR© database. The following columns
contain diﬀerent kinds of seemingly wrong (column 3 and 4) or missing (column 5
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and 6) references, respectively. In column ”Missing Molecule Ref.” e.g. the number
of wrong references to molecule IDs in the XML ﬁles is denoted. Whereas the
references mentioned in column 3 are wrong for sure, the inconsistencies reported in
column 4 to 6 are contradictions between the documentation of the TRANSPATHR©
database and the data contained in it. Here, consultations with the TRANSPATHR©
team have to reveal, whether the data has to be corrected or the documentation of
the database has to be improved.
6 Conclusion
In this paper we presented our approach to treat signal transduction pathways as
concurrent reactive systems and to model and simulate them with languages and
tools originally developed to assist the construction or engineering of reactive and
concurrent systems. As a source for the pathways to be simulated we use the
TRANSPATH R© database and as simulation tools the Play-Engine and CPN Tools
for Life Sequence Charts and Colored Petri Nets, respectively.
In the future we plan to support other modeling languages and simulation tools,
as e.g. Statecharts and the Rhapsody tool, for which ﬁrst preparations already have
begun. Furthermore, we are going to adapt our system to accept CSML (Cell System
Markup Language, [28]) as an input format for signal transduction pathways. CSML
is an XML based exchange format for biological pathways. The developers of CSML
provide tools to translate pathways described with other XML-based languages, as
e.g. CellML [25] and SBML [15] (Systems Biology Markup Language), into CSML.
Since most of the major pathway databases make their data available using one of
these exchange formats, supporting CSML will enable us to process pathways not
only from TRANSPATHR© but from other major databases as well.
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